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INTRODUCTION 

A n  important objective of the Flat-Plate Solar Cell Array Program is to 

increase the service lifetime of the photcvoltaic moduler used for terrestrial 

energy applicati ons. 

solar cells encapsulated in the modules is found to degrade with service 

time and this degrabtion places a limitation on the usefu l  lifetime of the 

modu le e . 

The current-voltage response characterietice of the 

Corroeion appears to be one important physical mechanism that degrades 

the current-voltage reeponse of the solar cells, and any effort that increaser the 

lifetime by stopping the I-V degradation must  addrers  the question of minimizing 

the corroBion activity ansociated with the composite metallurgy, anti-re5ecYon 

coating and p-n semiconductor materiale that comprise a typical solar cell. 

v i a h i z i n g  the corroeion activity involves a consideration of both the 

electrochemical characteristics of the various composite materizls in the 

cells 

encapsulate the ctl le.  Coneequentiy, the most deeirable flat-plate a r r ay  

system would involve solar celle coneiating of highly polarizable materials 

with eimilar electrochemical potentiale whe= the cells would be encapsulated 

in polymers whose ionic concentrations and mobilities are negligibly small. 

Specifying a suitable polymer for pottant u s e  is not a n  eaey task eince croas- 

linking agents, plaeticizers, a o ~ o r b e d  water a d  other ingredbnte can 

contribute significantly to the concentration of icne in the polymer. 

and the ionic conductive properties of the pottant polymer used to 

Another possible mechanism limiting the bervice lifecime of the photo- 

voltaic modules is the gradual loss of the electrical insulation characterietics 

of the polymer pottant due to water abaorption o r  due to polymer degradation 

from light or  hea'. effects. 

A systematic study of the properties of various polymer pottant materials 

and of the electrochemical corrosion mechaniems in solar cell materials i s  

required for advancing the technology of te r res t r ia l  photovoltaic modules. 

items of epecific concern in the eponaored research activity a t  Wilkes College 

involve : 

The 
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. E l e c t r i c a l  and i o n i c  r e s i s t i v i t y  of v a r i o u s  polymer p o t t a n t  

materials when sub e c t e d  t o  t empera tu re ,  humidi ty ,  and 

0' irradiatioc.  

. Water a b s o r p t i o n  k i n e t i c s  and w a t e r  s o l u b i l i t y  l i m i t s  i n  

v a r i o u s  p o t t a n t  polymers a t  s e l e c t e d  t e a p e r a t u r e s  and 

h u m i d i t i e s .  

. Corrc-c-on c h a r a c t e r i z a t i o n  of t h e  v a r i o u s  m e t a l l i z a t i o n  

systems s e d  i n  solar cel l  c o n s t r u c t i o n .  

QUARTERLY FSSULTS/SEPTEMBER TO NOVEMBER, 1984 

The work a c t i v i t y  i n  September, October and November, 1984 

focused on: 

( I )  Ion i m p l a n t a t i o n  and r a d i a t i o n  damage e f f e c t s  i n  PVB 
and EVA. 

(11) Kater a b s o r p t i o n  and deso rp t ion  i n  EVA and PK3. 

(111) Corrosion e f f e c t s  i n  solar c e l l s .  
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( I )  Ion  Implan ta t ion  znZ Rad ia t ion  S f f e c t s  i n  PVB and EVA 

I n t r o d c c t i o n  

W o  impor t an t  concerns i n  the t e r r e s t r i a l  p h o t o v o l t a i c  energy 

program are t h e  l i f e t i m e  degrada t ion  of t h e  s o l a r  cel ls  a s  a r e s u l t  

o f  c o r r o s i o n  e f f e c t s ,  and t h e  s tab i l ik : .  of t h e  polymer p o t t a n t  

mater ia l  when exposed t o  i o n i z i n g  r a d i a t i o n .  Both t h e s e  concerns  

w e r e  addressed exper imenta l ly  Ly i n v e s t i g a t i n g  t h e  i n f l u e n c e  of 

p ro ton  bombardment on t h e  p r o p e r t i e s  of PVB and EVA samples. 

For corrc-ci-:e a c t i o n ,  t h e  necessa ry  ing red ien t s -d i s s imi l a r  

m a t e r i a l s ,  e l e c t r i c a l l y  conduct ive connect ing p a t h s ,  p o t e n t i a l  

d i f f e r e n c e s ,  and an  i o n i c a l l y  conduct ing e l e c t r o l y t e - a r e  a l l  

i n h e r e n t l y  p r e s e n t  i n  tne p o l y r e r  e n c a p m l a t e d ,  so la r  ce l l  s r r a y  

modules. Except for t h e  e l e c t r o l y t e ,  t h e s e  i n g r e d i e n t s  i n  t h e  

mo1ec;;les a re  n o t  e a s i l y  r e c e p t i v e  t o  m o d i f i c a t i o n  f c r  minimizinq 

c o r r o s i o n ,  and any e f f o r t  i n  c o r r o s i o n  control  t o  i r  rove r e l i a b i l i t y  

a ~ d  senl ice  l i f e t i m e  m u s t  t hen  focus  p r i m a r i l y  on t h e  i o n s  i n  t h e  

polymer p o t t a n t  e l e c t r o l y t e .  A simple s t u d y  of i o n i c  e f f e c t s  i n  

PVB and EVA pol>mer p o t t a r . t s  w a s  made by a p ro ton  bombardment 

experin-ent where t h e  e f f e c t  of proton f l u e n c e  on t h e  e l e c t r i c a l  

r e s i s t i v i t y  o P V B  and EW. was eval-uated.  

The mechanical and chemical s t a b i l i t v  of PVB and EVA t o  

pro ton  bon:.bardment w a s  also eva lua ted .  The e l a s t i c  modulus w a s  

used to  .nor,itor mechanical s t a b i l i t - j  c f  a PVB sample a s  a f u n c t i o n  

of proton f!i.ience. T h e  chemical s t a b i l i t y  of both  EVA and PVB 

sample was deierrnined bj- t h e  amount of sample d i s s o l v e d  p e r  

u n i t  t i m e  i n  methanol a s  a f u n c t i o n  of  pro ton  f l u e n c e .  



EXPERIMENTAL PROCEDURE 

PVB and E V A  samples h e r e  exposed  t o  100 KeV p r o t o n  bombard- 
15  ment f o r  f l u e n c e s  up t o  1.6 ( 1 0  

i n  t h i s  s t u d y  were  o b t a i n e d  f r o m  Monsanto,  and t h e  E V A  samples 

were  s u p p l i e d  b y  S p r i n g b o r n  L a b o r a t o r i e s .  The r e s i s t a n c e  o f  t h e  

samples  b e f o r e  and a f t e r  i r r a d i a t i o n  n e r  measured by t h e  ASTM 

s p e c i f i e d  t w o  p robe ,  g r c u n d e d  r i n g  t e c h n i q u e .  

) /cm? The PVB samples employed 

The e l a s t i c  modu lus  was e v a l u a t e d  f r o m  s i m p l e  t e n s i l e  

t e s t s .  The c h e m i c a l  i n e r t n e s s  was d e t e r m i n e d  b y  i m m e r s i n g  p r e -  

w e i g h t e d  i r r a d i a t e d  and n o n - i r r a d i a t e d  samples  i n  me thano l  f o r  

f o r t y - e i g h t  h o u r s  and t h e n  r e w e i g h i n g  t o  d e t e r m i n e  t h e  w e i g h t  
\ 

p e r c e n t  p o l y m e r  d i s s o l v e d  i n  t h i s  s o l v e n t .  

RESULTS 

P r o t o n  bombardment h a d  a s i g n i f i c a n t  i n f l u e n c e  on t h e  

r e s i s t i v i t y .  The r e s i s t i v i t y  o f  EVA as  a f u n c t i o n  o f  f l u e n c e  

i s  shown i n  F i g u r e  1. A t  low f l u e n c e s ,  p r o t o n  bombardment 

e x p o s u r e  i n c r e a s e s  t h e  r e s i s t i v i t y  w h i l e  c o n t i n u e d  bombardment 

t h e n  dec reases  t h e  r e s i s t i v i t y  l i n e a r l y  w i t h  f l u e n c e  ( # ) :  

PCn-cm) = -2.8 ( IO-') $ + 37(,0'7 (0 

The r e s i s t i v i t y  o f  t h e  P V B  sample  i n c r e a s e d  c o n t i n o u s l y  

arid l i n e a r l y  w i t h  f l u e n c e  ( F i g .  2 ) :  

.p b- cm) = 2.q(r0-7) 4 + job 0) 

P r o t o n  bombardment had  o n l y  a v e r y  s m a l l  i n f l u e n c e  i f  any on t h e  

c h e m i c a l  r e a c t i v i t y  o f  t h e s e  p o l y m e r s .  PVB b e f o r e  and a f t e r  

bombardment, d i s s o l v e d  a p p r e c i a b l y  i n  m e t h a n o l  ( F i g .  3 )  and t h e  

amount o f  d i s s o l u t i o n  appeared  t o  be  i nc iependen t  o f  t h e  f l u e n c e .  



Pre-bombarded E V A  was i n e r t  i n  m e t h a n o l .  When exposed t o  a l o w  

f l u e n c e ,  t h e  E V A  a p p e p t e d  t o  behave as a s w o l l e n  g e l  by  g a i n i n g  

w e i g h t  r a t h e r n  t h a n  d i s s o l v i n g .  A t  l a r g e  f l u e n c e ,  t h e  EVA d i 2 s o l v e d  

v e r y  s l i g h t l y  ( F i g  3 . )  

P r o t o n  bombardment had  an enormous i n f l u e n c e  on t h e  e l a s t i c  

modu lus  ( F i g .  4 )  Exgosure  t o  a l ow  f l u e n c e  i n c r e a s e d  t h e  e l a s t i c  

modu les  b y  a f a c t o r  o f  two  w h i l e  c o n t i n u e d  e x p o s u r e  t o  a f l u e n c e  

o f  2 ( 1 0  '')/ern* dec reased  t h e  modu lus  t o  i t s  p re-bombarded v a l u e .  

DISCUSS ION 

E l e c t r i c a l  R e s i s t i v i t y  

The movement o f  i o n s  r a t h e r  t h a n  t h e  movement o f  e l e c t r o c s  

i s  g e n e r 3 l l y  a c c e p t e d  t o  be  t h e  d o m i n a n t  mechanism t h a t  

gove rns  t h e  c o n d u c t i v i t y  c h a r a c t e r i s t i c s  o f  i n s u l a t i n g  p o l y m e r s .  

The c o n d u c t i v i t y  ( c  ) and i t s  r e c i p r o c a l  t h e  r e s i s t i v i t y  ( p ) 

o f  a t y p i c a i  i n s u l a t i n g  p o l y m e r  i s  t h e n  dependent  on the  sum of 

t h e  movement o f  a l l  p o s i t i v e  and n e g a t i v e  i o n i c  s p e c i e s  c o n t a i n e d  

i n  t h e  p o l y m e r .  T h i s  dependency can be e x p r e s s e d  b y  an e q u a t i o n  

t h a t  r e l a t e s  t h e  r e c i p r o i a l  r e s i s t i v i t y  t o  t h e  summed p r o d u c t  

o f  t h e  number o f  each i o n ( n ) ,  t h e  m o b i l i t y ( & )  o f  each i o n ,  and 

t h e  charq .  ( $ )  o f  each i o n :  

where t h e  summat ion t a k e s  p l a c e  o v e r  a l l  i p o s i t i v e  i o n s  and j 

n e g a t i v e  i o n s  i n  t h e  p o l y m e r .  Numerous p o s i t i v e l y  c h a r g e d  

and n e g a t i v e l y  cha rged  i o n i c  s p e c i e s  can e x i s t  i n  a t y p i c a l  
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polymer. The peroxide type  i n i t i a t o r s ,  t h e  c ross  l i n k i n g  agen t s ,  

the  compounding agents  f o r  hea t  a n d  l i g h t  s t a b i l i t y ,  p l a s t i c i z i n g  

a g e n t s ,  absorbed wa te r ,  i on ized  polymer o r  monomer izolecules 

a r e  a l l  poss ib l e  sources  f o r  s u p p l y i n g  both the  p o s i t i v e  and 

negat ive  ions whose n u m b e r  and mob i l i t y  determine the r e s i s t i v i t y  

of  t h e  polymer. 

When the  polymer i s  bombarded w i t h  p ro tons ,  the  implanted 

protons can change the r e s i s t i v i t y  c h a r a c t e r i s t i c s  o f  t he  polymer 

f o r  s eve ra l  poss ib l e  reasons .  I f  t h e  implanted protons remain 

i n  t h e  polymer as unreacted i o n s ,  t h e  r e s i s t i v i t y  o f  t he  polymer 

wi l l  b e  given by: 

'lp = 4 n P $ P  + n ; - q % ;  + 5 n j ~ i ~ j  i 

where h, i s  t h e  c o n c e n t r a t i o n ,  Up t h e  mob i l i t y  and T,, 
the  charge o f  t h e  implanted unreac ted  p ro tons .  A comparison 

o f  Equations 3 a n d  4 shows t h a t  t h e  r e s i s t i v i t y  o f  a bombarded 

polymer whose implanted p r o t o n s  remain unreacted i s  expected t o  

be l e s s  t h a n  t h a t  o f  t h e  pre-bombarded polymers,and i s  expected 

t o  be inve r se ly  r e l a t e d  t o  t he  f luence  s i n c e  the  number o f  

unreacted protons f s  equal t o  t h e  number o f  irnplanted protons 

( h, which i s  d i r e c t l y  r e l a t e d  t o  t h e  f luence :  

I/? hp = k 4  
where K i s  a cons t an t .  

I f  t he  implanted protons r e a c t  w i t h  some o f  t h e  nega t ive ly  

charged i o n s i n  the  polymer t o  farm uncharged molecules ,  proton 

bombardnent w i l l  then e i t h e r  i n c r e a s e  o r  decrease  t h e  r e s i s t i v i t y  

depending ori t h e  numbers o f  implanted p r o t o n s  a n d  neya t ive ly  

charged ions t h a t  r e a c t  a n d  l o s e  t h e i r  i o n i c  c h a r a c t e r  f o r  

t r anspor t ing  c u r r e n t .  I n  t h e  l i m i t i n g  case where a l l  t h e  
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i m p l a n t e d  p r o t o n s  r e a c t  w i t h  a l l  t h e  a v a i l a b l e  n e g a t i v e  i o n s .  t h e n  

“i 
s o =  % 

and t h e  r e c i p r o c a l  r e s i s t i v i t y  w o u l d  b e  g i v e n  by 

showing t h a t  t h e  r e s i s t i v i t y  o f  t h e  bombarded p o l y m e r  w o u l d  be 

l a r g e r t h a n  t h e  pre-bombarded v a l u e  g i v e n  by E q u a t i o n  3 .  

E q u a t i o n s  3 t o  6 f o r m  t h e  b a s i s  upon w h i c h  t h e  r e s i s t i v i t y  

response  ( F i g s .  1 and 2 )  o f  PVB and E V A  t o  p r o t o n  bombardment 

can be a n a l y z e d .  

F o r  E V A  a t  l o w  f l u e n c e  l e v e l s ,  t h e  r e s i s t i v i t y  i s  l a r g e r  t h a n  

i t s  pre-bombardment  v a l u e  i n d i c a t i n g  t h a t  t h e  i m p l a n t e d  p r o t o n s  

a r e  r e a c t i n g  w i t h  t h e  n e g a t i v e  i o n s ,  c o n t a i n e d  i n  t h e  E V A  t o  r e d u c e  

t h e  number o f  i n t r i n s i c  nj n e g a t i v e l y  c h a r g e d  i o n s .  The p r o c e s s  

i s  s u s p e c t e d  t o  c o n t i n u e  w i t h  i n c r e a s i n g  f l u e n c e  u n t i l  enough 

pro ton ;  have been i m p l a n t e d  t o  r e a  : w i t h  a l l  t h e  n e g a t i v e l y  

cha rged  i o n s .  The r e s i s t i v i t y  o f  E V A  w o u l d  r e a c h  i t s  maximum 

v a l u e ( g i v e n  b y  E q u a t i o n  6 )  as shown i n  F i g u r e  1.  S i n c e  a l l  t h e  

n e g a t i v e l y  cha rged  i o n s  have been r e a c t i v e l y  removed a t  t h i s  

f l u e n c e ,  subsequen t  bombardment w o u l d  t h e n  i m p l a n t  protcrr,s t h a t  

rema in  i n  t h e i r  u n r e a c t e d  i o n i c  s t a t e .  A d e c e a s i n g  r e s i s t i v i t y  

w i t h  c o n t i n u e d  f l u e n c e  i s  t h e n  e x p e c t e d  f o r  E V A  as shown i n  F i g u r e  

1. 

W h i i e  t h i s  model  i s  q u i t e  a d e q u a t e  t o  d e s c r i b e  q u a l i t a t i v e l y  

t h e  f l u e n c e  dependence f o r  t h e  r e s i s t i v i t y  o f  EVA, t h e  ag reemen t  

between t h e  q u a n t i t a t i ; e  p r e d i c t i u n s  o f  t h e  model  and t h e  o b s e r v e d  

e x p e r i m e n t a l  r e s u l t s  i s  n o t  as adequa te .  A t  a l a r g e  f l u e n c e  



where  a l l  t h e  n e g a t i v e  i o n s  have been r e a c t e d , a n d  p r o t o n  c i er:  r e  now 

b e i n g  i m p l a n t e d ,  t h e m o d e l  p r e d i c t s  t h a t  t h e  r e c i p r o c a l  r 2 s i s t i v i t x  

s h o u l d  be g i v e n  by: 

'fp [h7t- bjl J+ FP + Tfl;u;9; i * t7 ,Mp$p + pl;N;p;  (7)  
S i n c e  t h e  number o f  i m p l a n t e d  p r o t o n  c a r r i e r s  i s  g i v e n  

d i r e c t l y  b y  t h e  f l u e n c e  (Eg. 5 ) ,  E q u a t i o n  7 becomes: 

'lp I ( @ a p e p  + r: I Q;&;$; . 
showing  t h a t  t h e  r e s i s t i v i t y  s h o u l d  d e c r e a s e  w i t h  i n c r e a s i n g  f l u e n c e  

a c c o r d i n g  t o  t h e  i n v e r  e l a w :  

p -  6' 0) 
T h i s  p a r t i c u l a r  e x p e c t e d  d e c r e a s i n g  r e s i s t i v i t y  b e h a v i o r  w i t h  i n c r e a s i n g  

f l u e n c e  for E V A  i s  n o t  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  

where t h e  r e s i s t i v i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  f l u e n c e  a c c o r d i n g  

t o  t h e  l i n e a r  r e l a t i o n s h i p  ( E q .  1 ) :  

67(IO") -2.Bfi0'') 4 
1 4  2 

P 
f o r  f l u e n c e  v a l u e s  g r e a t e r  t h a n  10 /cm . 

The r e s i s t i v i t y  r e s p o n s e  o f  PVB i n c r e a s e s  c o n t i r u o u s l y  w i t h  

f l u e n c e  ( F i g .  2 )  and does n o t  d i s p l a y  t h e  peaked b e h a v i o r  e v i d e n t  

i n  t h e  EVA d a t a .  The i m p l i c a t i o n s  o f  t h i s  c o n t i n u o u s l y  i n c r e a s i n g  

r e s i s t a n c e  r e s p o n s e  i s  t h a t  P V B ,  i n  c o m p a r i s o n  t o  E V A ,  c o n t a i n s  

a r e l a t i v e l y  l a r g e  number o f  n e g a t i v e l y  c h a r g e d  i o n s  and t h a t  

even a t  a f l u e n c e  o f  10 / a n 2 ,  t h e r e  a r e  n c t  enough i m p l a r t e d  

p r o t o n s  t o  r e a c t  w i t h  a l l  t h e s e  n e g a t i v e  i o n s .  T h i s  c o m p a r i s o n  

has some m e r i t  because  PVB t y p i c a l l y  c o n t a i n s  a b o u t  40 '/o 

compounding a g e c t s - u s u a l l y  a p l a s t i c i z e r - w h i l e  E V A  c o n t a i n s  

o n l y  a b o u t  10 W/o com; \ u n d i n g  a g e n t s  a s  a p o t e n t i a l  s o u r c e  o f  

1 5  

nngat i : le i o n s .  



W h i l e  t h e  model  i s  i n  good q u a l i t a t i v e  a c c o r d  w i t h  tkLj 

e x p e r i e m e n t a l  r e s u l t s ,  t h e  q u a n t i t a t i v e  a s p e c t s  o f  t h e  model  

can be e v a l u a t e d  i n  more d e t a i l  b y  e x a m i n i n g  t h e  e x p e c t e d  

dependence o f  r e s i s t i v i t y  on t h e  f l u e n c e  and compar ing  +.le 

r e r u l  ts w i t h  t h e  e x p e r i m e n t a l t o b s e r v e d  dependence. 

The e x p e c t e d  i n f l u e n c e  o f  f l u e n c e  on t h e  r e s i s t i v i t y  o f  P V B  

where  i m p l a n t e d  p r o t o n s  a r e  r e a c t i n g  w i t h  n e g a t i v e  i o n s  can be 

i s  now f l u e n c e  dependent  j 
o b t a i n e d  f r o m  E q u a t i o n  3 where  n 

a c c o r d i n g  t o  t h e  r e l a t i o n s h i p  

where  njC i s  t h e  number o f  n e g a t i v e  i o n s  p r e s e n t  i n  t h e  p r e -  

bombarded sample and where  nI,the number o f  i m p l a n t e d  p r o t o n s ,  

i s  a l s o  t h e  number o f  t h e  n e g a t i v e  i o n s  t h a t  have r e a c t e d  w ’  

i m p l a n t e d  p r o t o n s  t o  fo rm m o l e c u l e s  dssuming t h a t  each o f  “S,  

i m p l a n t e d  p r o t o n s  r e a c t  w i t h  a n e g a t i v e  i o n .  U s i n g  t h i s  r e s u l t ,  

t h e  r e c i p r o c a l  r e s i s t i v i t y  becomes 

w h i c h  shows t h a t  t h e  r e s i s t i v i t y  s h o u l d  i n c r e a s e  w i t h  f l u e n c e  

a c c o r d i n g  t o  a g e n e r a l i z e d  l a w  i n  t h e  form o f :  

T b i s  p r e d i c t e d  dependency i s  n o t  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l l y  

o b s e r v e d  dependencey i n  P V B  !#!here t h e  r e s i s t i v i t y  i n c r e a s e s  

l i n e a r l y  w i t h  f l u e n c e  ( E g .  2 ) :  

p = m ( d )  4 + IO8 
C l e a r l y ,  t h e  mode ls  f o r  t h e  r e s i s t i v i t y  r e s p o r l s e  

b o t h  E V A  and P V B  need some r e f i n e m e n t  t o  r e s o l v e  

between e x p e r i m e n t a l  o b s e r v a t i o n  and t h e o r e t i c a l  

w i t h  f l u e n c e  i n  

t h e r e  d i s c r e p a n c i e s  

p r e d i  c t i  o n s .  

(‘9 



ro. 

The p r e c e e d i n g  a n a l y s i s  f a r  t h e  b e h a v i o r  o f  t h e  r e s i s t i v i t y  as 

a f u n c t i o n  o f  t h e  f l u e n c t :  was based  upon i o n i c  c a r r i e r s  and + , h e i r  

i n t e r a c t i o n  w i t h  i m p l a n t e d  p i  x n s .  The b o m b a r d i n g  p r o t o n s  a l s o  

i n t r o d u c e  s t r u c t u r a l  damage i n  t h e  fo rm o f  c h a i l i  s c i s s i o r 4  o r  c r o s s  

l i q k i n g  i rn to  t h e  m o l e c u l a r  n e t w o r k  o f  t h e  p o l y m e r .  The i n f l u e n c e  

o f  t h i s  r a d i a t i o n  i n d u c e d  damage on t h e  r e s i s i t i v i t y  o f  a 

amorphous ly  s t r u c t u r e d  p o l y m e r  i n s u l a t i n g  r a t e r i a :  i s  d i f f i c u l t  t o  

q u a n t i f y  b u t  i s  s u s p e c t e d  t o  be  e x t r e m e l y  s m a l l  i f  o b s e r v a b l e  

a t  a l l .  Cha in  s c i s s i o n  and  c r o s s  l i n k i n g  as a r e s u l t  o f  p r .  t o n  

bombardment s h o u l d  nave  a m e a s u r a b l e  i n f l u e n c e  on t h e  e l a s t i c  

modulus and t h e  c h e m i c a l  i n e r t n e s s .  

- Chemi c a l  I n e r t n e s s  and  E l  a s  t i  c Modu lus  

C h a i n  s c i s s i o n  s h o u l d  c r e a t e  a more  r e a d i l y  d i s s a l v a b , l e  p c l y m e r  

where t h e  amount o f  d i s s o l u t i o n  s h o u l d  i n c r e a s e  w i t h  i n c r e a s i n q  

f i g e n c e  and s c i s s i o n  s h o u l d  a l s o  d e c r e a s e  t h e  e l a s t i c  modu lus  

f o r  a p o l y m e r  i n  p r o p o r t i o n  t o  t h e  f l u e n c e .  C ross  l i n k i n g  

. s  e x p e c t e d  t o  i n c r e a s e  t h e  e l a c , t i c  modu lus  a n d  d e c r e a s e  t h e  dSs- 

s o l u t i o n  r a t e  o f  t h e  p o l y m e r  i n  a s u i t a b l e  s o l v e n t .  

E x p e r i m e n t a l l y ,  p r o t o n  bombardment i s  f o u n d  t o  h a v e  o n l y  a 

v e r y  s l i g h t  i n f l u e n c e  on t h e  d i s s o l u t i o n  c h a r a c t e r i s t i c s  o f  E V A  

i n  me thano l  ( F i g .  3 ) .  T h i s  s l i g h t  i r l ' 1 t :ence a p p e a r s  t o  * i n d i c a t e  

t h a t  p r o t o n  bombardment causes  t h e  E V A  m o l e c u l e s  t o  c r o s s  l i n k  

a t  l o w  f l u e n c e  and t h e n  t o  e x p e r i e n c e  c h a i n  s c i s s i o n  a t  l a r g e  

f l u e n c e  v a l u e s .  



i r  

Proton bombardmsnt appears  t o  have no s y s t e m a t i c a l l y  r ecogn izab le  

i n f l u e n c e  on t h e  d i s s o l u t i o n  c h a r a c t e r i s t i c s  of PIE? b u t  does have 

a s i z a b l e  impact on t h e  e las t ic  modulus. The e las t ic  modulus data 

sugges t s  t h a t  PVB molecules  are cross l i n k e d  a t  l o w  f l u e n c e  and then 

s u f f e r  cha in  s c i s s i o n  a t  l a r g e  f luence .  

No s y s t e m a t i c  c o r r e l a t i o n  i s  e v i d e n t  between t h e  proposed 

s t r x t u r a l  damage and t h e  exper imenta l  r e s i s t i v i t y  v a l u e s  as a 

func t ion  f l u e n c e  i n  t h e s e  EVA or YVB sanzples S t r u c t u r a l  danage 

then  appears  t o  have l i t t l e  or  no e f f e c t  on t h e  r e s i s t i v i t y  of 

t h e s e  two amorphously s t r u c t u r a l  polymers. 

CONCLUSIONS 

(1) A c o n d u c t i v i t y  model based on i n t r i n s i c  i o n i c  c u r r e n t  

carriers an6 t h e i r  i n t e r a c t i o n  wi th  implanted p ro tons  w a s  f c u i ;  to  

prbvide  a r easonab le  q u a l i t a t i v e  e x p l a n a t i o n  of  t h e  f l u e n c e  

dependense f o r  t h e  r e s i s t i v i t y  of  t h e  p ro ton  borbarded PVB and 

EVA samples where t h e  r e s i s t i v i t y  of t h e  PVB samples w a s  formed 

t o  i n c r e a s e  wi th  f luence  whi le  t h e  r e s i s t i v i t y  o f  EVA f i r s t  

i nc reased  and t h e n  decreased  w i t h  f luence .  

( 2 )  The e x a c t  form of  t h e s e  dependencies  w e r e  n o t  c o n s i s t e n t  

w i th  t h e  predic: t icns  cf t h e  proposed models. 

( 3 )  S t r u c t u r a l  damage does n o t  appear  t o  i n f l u e n c e  t h e  

d i s s o l u t i o n  c h a r a c t e r i s t i c s  qf PVA i n  any s y s t e m a t i c  way bus  has  

Zn enormous e f f e c t  on t h e  e l a s t i c  mpdulus. The d i s s o l u t i o c  d a t a  

f o r  EVA and t h e  modulus d a t a  f o r  PVB sugqes t s  t h a t  s t r u c t u r a l  

damage caused by 100KeV bombarding p r o t c n s  appears  t o  be c r o s s  

l i n k i n g  a t  low f luence  and cha in  s c i s s i o n  a t  l a r g e  f l u e n c e .  



( 4 )  S t r u c t u r a l  damage in t roduced  i n t o  PVB and EVA by p r o t o n  

bombardment appears  t o  have l i t t l e  i n f l u e n c e  on t h e  electrical  

r e s i s t i v i t y :  sugges t ing  t h a t  t h e  observed changes i n  r e s i s t i v i c y  

w i t h  f l uence  r e s u l t s  from t h e  implanted pro tons .  

( 5 )  PVB can be made a aore a t t r ac t ive  p o t t a n t  mater ia l  for 

module use by p ro ton  bombardment sir.:e t h e  implanted p r o t o n s  a p p a r e n t l y  

react w i t h  an ions  t o  form n e u t r a l  T3 lecu le s .  The p ro ton  bombarded 

PVB then  becomes z better e l ec t r i ca l  i n s u l a t o r  and less e l e c t r o l y t i c  

f o r  suppor t ing  co r ros ion  e f f e c t s .  

N o  a d d i t i o n a l  i n v e s t i g a t i o n s  are be;.ng planned. 
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(11) Water Absorp t ion  and Desorp t ion  i n  EVA & PVB 

I n t r o d u c t i o n  

The t w o  s t a g e  k i n e t i c  r e sponse  c h a r a c t e r i s t i c s  observed f o r  

w a t e r  a b s o r p t i o n  and d e s o r p t i o n  i n  EVA and PVB w e r e  s u g g e s t e d  

(Second Q u a r t e r l y  Repor t )  t o  r e s u l t s  f r o m  s u r f a c e  f i l m  e f f e c t ;  

and volume d i f f u s i o n  e f f e c t s  r e s p e c t i v e l y .  While t h e  t i m e  

dependent of t h e  k i n e t i c  r e sponse  and  t h e  associated a c t i v a t i o n  

e n e r g i e s  appea r  t o  be s u p p o r t i v e  o f  t h e  proposed two-stage m o 3 e 1  

based  on t h e s e  e f f e c t s ,  t h e  v a l u e  o f  t h e  p re -exponen t i a l  f a c t o r  

c h a r a c t e r i z i n g  t h e  volume d i f f u s i o n  stage i n  a b s o r p t i o n  is n o t  

c o n s i s t e n t  x i t h  t h e  v a l u e  o b t a i n e d  f o r  t h e  volume d i f f u s i o n  

stage i n  d e s o r p t i o n .  T h e  lack of c o n s i s t e n c y  s u g g e s t s  t h a t  t h e  

mechanism r e s p o n s i b l e  f o r  t h e  observed  second s t a g e  k i n e t i c  

response  i n  b o t h  w a t e r  a b s o r p t i o n  and d e s o r p t i o n  may be more 

complex than  a s imple  volume d i f f u s i o n  p r o c e s s .  A sequence o f  

a d d i t i o n a l  exper iments  t o  examinz t h e  second s t a g e  b e h a v i o r  i n  

more d e t a i l  w e r e  performed t o  h e l p  e l u c i d a t e  t h e  gove rn ing  

mechanism. The experiment  c o n s i s t e d  of measuring t h e  second 

s t a g e  a b s o r p t i o n  and d e s o r p t i o n  k i n e t i c  r e sponse  i n  EVA and PVB 

samples of d i f f e r e n t  t h i c k n e s s  v a l u e s .  The r e s u l t s  w e r e  compared 

w i t h  a squa re  r o o t  of t ime / th i ckness  dependence ( t  / d )  expec ted  

f o r  a volume c o n t r o l l e d  d i f f u s i o n  mechanism i n  t h e  s e m i - i n f i n i t e  

p l a t e  geometry of  these samples.  

% 



n 

ExDerimental 

Sample t h i c k n e s s  w e r e  .033, .066, .132, and .152 cm for 

PW3 and .OC5, .094, .191, and .284 cm f o r  EVA. The k i n e t i c s  

monitored g r a v i m e t r i c a l l y  a t  53OC for w a t e r  a b s o r p t i o n  and a t  76OC 

? o r  w a t e r  deso rp t ion .  The a n a l y s i s  c o n s i s t e d  o f  c o r r e c t i n g  bo th  

t h e  weight and t i m e  d a t a  f o r  t h e  f i r s t  stage (surface f i l m )  e f f e c t  

assuming t h a t  bo tn  f i r s t  and second s t a g e  behavior  occur  s imul-  

taneous ly  i n  abso rp t ion  and occur s e q u e n t i a l l y  i n  deso rp t ion  (See 

Second Q u a r t e r l y  P rogres s  Repor t ) .  The c o r r e c t e d  d a t a  is then  

expected to r e p r e s e n t  second s t a g e  k i n e t i c  behavior  a l o n e  wi thou t  

any p e r t u r b i n g  i n f l u e n c e  from t h e  f irst  s t a g e  response.  



R e s u l t s  

For  w a t e r  a b s o r p t i o n ,  a typical p l o t  o f  t h e  second 

stage nol jna l ized  we igh t  g a i n  d u r i n g  w a t e r  a b s o r p t i o n  as a 

f u n c t i o n  o f  t i m e  after s u i t a b l y  c o r r e c t i n g  for t h e  first 

stage s u r f a c e  f i l m  effect  is shown i n  F i g u r e  1 f o r  a 0.152 

c m  t h i c k  PVB sample.  The corrected data d i s p l a y  a t’ t i m e  

dependency f o r  t h e  second stage b e h a v i o r  and  t h i s  dependency 

w a s  e v i d e n t  i n  t h e  corrected data for a l l  t h e  a b s o r p t i o n  and 

d e s o r p t i o n  expe r imen t s  LA 4 0 t h  EVA an3  PVB samples fo r  t h e  

t h i c k n e s s  values u s e d  i n  t h e s e  exper iments .  

The corrected a b s o r p t i o n  data for t h e  PVB samples  of 

4 various t h i c k n e s s  w e r e  p l o t t e d  a g a i n s t  t / d and t h e  r e s u l t s  

(Fig.  2 )  superimpose on a l i n e a r  dependency W g  t h a t  t h e  

volume d i f f u s i o n  mechanism i s  i n s t r u m e n t a l  i n  de t e rmin ing  

t h e  second s t a g e  w a t e r  a b s o r p t i o n  k i n e t i c  r e sponse  c h a r a c t e r i s -  

t i c s  . 
The water d e s o r p t i o n  da<a as a f u n c t i o n  o f  sample t h i c k n e s s  

i n  t h e  PVB samples  w e r e  a lso c o r r e c t e d  f o r  f i r s t  s t a g e  eEfects 

and  t h e  second s t a g e  r e s u l t s ,  when p l o t t e d  a g a i n s t  t / c 

(F ig .  3 ) ,  a l s o  d i s p l a y e d  t h e  l i n e a r i t y  a m d  s u p e r p o s i t i o n  

expec ted  for a volume d i f f u s i o n  govern ing  mechanism. 

2, 

A s imi l a r  c o r r e c t e d  a n a l y s i s  f o r  t h e  second s t a g e  

water a b s o r p t i o n  and d e s o r p t i o n  r e sponse  on EVA d i d  n o t  

d i s p l a y  ( F i g s .  4 and 5 )  t h e  e x c e l l e n t  agreement  i n  supe r -  

p s i t i a n  and l i n e a r i t y  

PVB d a t a .  TP,e l . i rge  s c a t t e r  on t h e  EVA d a t a  does n o t  

i n  t’ / d t h a t  was e v i d e n t  i n  t h e  



1 . c e s s a r i l y  mean t h a t  volume d i f f u s i o n  is not  t h e  governing 

mechanism for second s t a g e  behavior  s i n c e  t h e  magnitude o f  t h e  

weight change be ing  monitored is q u i t e  s m a l l  and t h e  a s s o c i a t e d  

errors in t roduced  i n  t h e  a n a l y s i s  can t h e n  become s i z a b l e .  

This  d i f f i c u l t y  is n o t  m a n i f e s t  i n  t h e  PVB d a t a  where t h e  

weight changes are large. 

Conclusion 

These experiments  confirm t h a t  volume d i f f u s i o n  is t h e  

governing mechanism i n  second stage water abso rp t ion  and 

deso rp t ion  i n  PVB and probably i n  EVA. The w a t e r  abso rp t ion  

and deso rp t ion  k i n e t i c s  i n  PVB and EVA are now completed and 

t h e  r e s u l t s  are now being  prepared  f o r  p o s s i b l e  p u b l i c a t i o n .  

h t u r e  Work 

No f u t u r e  work is planned. 
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III. Corros ion  E f f e c t s  i n  Solar C e l l s  

INTRODUCTION 

I n  November, an attempt 17as made t o  s e p a r a t e  the i n t e r c e l l  

( p o t e n t i a l  d i f f e r e n c e )  c o r r o s i o n  e f f e c t  from t h e  i n t r a c e l l  

(diss imilar  mater ia ls ,  g a l v a n i c  a c t i o n )  c o r r o s i o n  ef 'ect  i n  solar 

cells and  to  e v a l u a t e  t h e  p o s s i b i l i t y  of accelerated c o r r o s i o n  by 

a p h o t o e l e c t r o l y s i s  e f f e c t  i n  a polymer p o t t a n t  c o n t a i n i n g  w a t e r .  

The expe r imer t s  w e r e  a r r anged  t o  addres s  t w o  q u e s t i o n s :  

(i) Is i n t e r c e l l  p o t e n t i a l  d i f f e r e n c e  o r  i n t r a c e l l  
g a l v a n i c  a c t i o n  more i n s t r u m e n t a l  i n  caus ing  
c o r r o s i o n  and t h e  accompanying ce l l  deg rada t ion  
w i t h  service t i m e .  

(ii) D , s s s  a p h o t o e l e c t r o l y s i s  e f f e c t  e x i s t  i n  t h e  polymer 
e n c a p s u l a n t  o f  an i l l u m i n a t e d  s o l a r  ce l l  and does t h e  
e f f e c t  a c c e l e r a t e  c o r r o s i o n  ar,d cel l  deg rada t ion  i n  
much t h e  same way t h a t  anodes f o r  t h e  p h o t o e l e c t r o l y s i s  
o f  w a t e r  are degraded. 

- EXPERIMENTAL 

The exper iments  c o n s i s t e d  o f  e n c a p s u l a t i n g  ASEC solar  ce l l s  

i n  a PVB p o t t a n t .  A f t e r  e n c a p s u l z t i o n ,  t he  assemblies w e r e  immersed 

i n  w a t e r  t o  s a t u r a t e  the PVB. The t e s t i n g  procedure for e v a l u a t i n g  

c e l l  3eg rada t ion  due  t c  cor ros ior ,  c o n s i s t e d  o f  measuring t h e  I-V 

c h s r a c t e r i s t i c s  cu rves  o f  eacti e n c s p s u l a t e d  .>el l  a s  a f u n c t i o n  

of immersion t i m e  i n  water  f o r  v a r i o u s  t e s t i n g  arrangements  

desigiled t o  e v z l u a t e  i n t e r c e l l  and i n t r a c e l l  co r ros ion  a c t i v i t y .  

The  f i r s t  rest arrangement (Cell =l) was c.. unbiased ,  non i l lumina ted ,  

s h o r t  c i r c u i t e d  s i n q l e  c e l l  where  any degrada t ion  of  t h e  a r i g i n a l  

I-V response  curve  a s  2 f u n c t i o n  of immersicn a g i n s  t ine  would 

r e s u l t  from the  i n t r a c e l l  cor ros ic r .  e f f e c t  a l o n e .  The second 

t e s t  arrangement (Cell # 2 )  was ar. unbiased ,  i l l u m i n a t e d ,  s h o r t  

c i r c u i t e d  c e l l  where any observed degrada t ion  of t h e  o r i g i n a l  I-V 

response  curve  is  ex_nected to be a masum of the combined effects of 
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both  t h e  i n t r a c e l l  and t h e  p h o t o e l e c t r o l y s i s  co r ros ion  mechanisms. 

The t h i r d  test arrangement (cells #3  cathode and I4 anode) w a s  

a coupled anode-cathode c o n f i g u r a t i o n  where t h e  cells w e r e  both 

b i a sed  and i l l u m i n a t e d .  

by short c i r c u i t i n g  t h e i r  f r o n t  s i d e  m e t a l l u r g i e s  and by connec t ing  

a 5 v o l t  b i a s i n g  b a t t e r y  between t h e i r  back side m e t a l l u r g i e s .  

These encapsua l t ed  cells w e r e  coupled 

No j u n c t i o n  c u r r e n t  due t o  t h e  b i a s i n g  b a t t e r y  is expec ted  s i n c e  

t h e  #3 cathode cel l  w a s  back b i a s e d  i n  t h e  coupl ing  arrangement.  

Any observed d e g r a d a t i c n  of t h e  o r i g i n a l  I -V  response  curves of 

bo th  t h e  anode and ca thode  cells shou ld  then reflect the combined 

effects o f i n t e r c e l l ,  i n t r a c e l l  and p h o t o e l e c t r o l y s i s  c c i r o s i o n  

mechanisms. By simply comparing t h e  r e l a t i v e  changes i n  t h e  

I-V response  cu rves  of t h e s e  f o u r  cells  i n  t h e s e  three t e s t i n g  
\ 

arrangements as a f u n c t i o n  of i m e r s i o r .  t i m e ,  t h e  magnitudes of 

t h e  i n t e r c e l l ,  i n t r a c e l l ,  and p h o t o e l e c t r o l y s i s  deg rada t ion  e f f e c t s  

can be s e p a r a t e d  and eva lua ted .  

R e s u l t s  -- 
A t y p i c a l  sequence of I-V r e sponse  cu rves  a t  v a r i o u s  immersion 

t i m e s  is shown i n  F i g u r e  1 for  t h e  83 cathode ce l l .  From t h e s e  

curves  f o r  a l l  f o u r  cells ,  t h e  s h o r t  c i r c u i t  cv . r ren t  (Isc) and  t h e  

series (Rs)  and shun t  (Rsh) r e s i s t a n c e s  w e r e  determined as a 

€unct ion of immersion t i m e .  

The r e s u l t s  f o r  t h e  s h o r t  c i r c u i t  c u r r e n t  a r e  p re sen ted  i n  

F igure  2 .  For up t o  f i v e  days o f  t e s t i n g ,  t h e r e  appeared be 

no s i g n i f i c a n t  d i f f e r e n c e  between t h e  degradation of Isc ir! 

ce l l  #1 ( i n t r a c e l l ) ,  ce l l  #2 ( i n t r a c e l l  and p h o t o e l e c t r o l y s i s )  

and ce l l  # 3  ( c a t h o d e - i n t e r c e l l ,  i n t r a c e l l  and p h o t o e l e c t r o l y s i s ) .  

On t h e  b a s i s  of t h i s  observed f e a t u r e ,  i t  was concluded t h a t  t h e  



p h o t o e l e c t r o l y s i s  effect a t  t h e  a n t i - r e f l e c t i o n  Lasting (assumin? 

i t s  band gap energy exceeds 1.23 e V )  h a s  l i t t l e  or no i n f l u e n c e  

on s o l a r  cell  degrada t ion .  A f t e r  f ive days of t e s t i n g ,  t h e  

response of cell # 4  ( a n o d e - i n t e r c e l l ,  i n t r a c e l l  and photo- 
I S C  

e l e c t r o l y s i s )  w a s  found to degrade t h e  mos t  (F igure  2). 

A f t e r  twenty days of t e s t i n g ,  t h e  degrada t ion  of Isc i n  

both  t h e  cathode and anode cells are about  equa l  and significant:: 

larger than  the Isc degrada t ion  i n  cel l  # 2  (F igu re  2 ) .  

t h a t  t h e  p h o t o e l e c t r o l y s i s  effect is  a b s e n t ,  t h e  i n t e r c e l l  and 

i n t i a c e l l  effects can be separated by comparing t h e  r e s u l t s  for 

cell 12 w i t h  cells # 3  and # 4 .  For twenty hours  o f  t e s t i n g ,  t n i s  

sqpa ra t ion  is shown on F igure  2 where it i s  appa ren t  that  t h e  

degrada t ion  o f  Isc due t o  i n t e r c e l l  c o r r o s i o n  appears  t o  be 

about  equa l  i n  magnitude t o  t h a t  due t o  i n t r a c e l l  co r ros ion .  

S ince  t h e  a p p l i e d  p o t e n t i a l  d i f f e r e n c e  between t h e  two cells i n  

thAs s tudy  is  s m a l l  compared w i t h  p o t e n t i a l  d i f f e r e n c e s  

f r e q u e n t l y  occur r ing  betwsen a d j a c e n t  cel ls  i n  module mounted 

a r r a y s ,  t h e  i n t e r c e l l  co r ros ion  e f f e c t  i s  expec ted  t o  have a 

s i g n i f i c a n t l y  l a r g e r  in f luer ice  o n  degrading s o l a r  ce l l  a c t i v i t y  

than t h e  i n t r a c e l l  co r ros ion  e f f e c t  r e s u l t i n g  from t h e  composite 

material s t r u c t u r e  ( T i ,  Ag, Pd, A/R S i )  a s s o c i a t e d  w i t h  each  

ce l l .  The s u r p r i s i n g  f e a t u r e  o f  t h e  d a t a  a f t e r  twenty days ,  is 

t h a t  Iiri  f o r  t h e  ca thod ic  c e l l  deqraded as much as for t h e  anodic  

cel l .  

Assuming 

The t i m e  dependence of Re and can a l s o  be eva lua ted  from 

t h e  I -Vcurves  for each ce l l  i n  t h e  v a r i o u s  t e s t i n g  arrangements .  
5 

A comparison of Rj as a func t ion  of t i m e  f o r  t h e  anodrc and 

ca thod ic  ce l l s  i s  p resen ted  i n  F igure  3 .  The series r e s i s t a n c e  



f o r  t h e  anodic  cel l  i n c r e a s e s  con t inuous ly  w i t h  t i m e  wh i l e  

Rs for t h e  c a t h o d i c  czll remains r e l a t i v e l y  t h e  independent  

for t i m e  v a l u e s  less t h a n  t e n  days.  

cathode ce l l  i n c r e a s e s  r a p i d l y .  

A f t e r  t e n  days ,  Rsof  t h e  

The c o n t i f i u c x  i n c r e a s e  of w i t h  t i m e  for t h e  anodic: ce, 

can be j u s t i f i e d  from s imple  c o n s i d e r a t i c x .  A s  a f i r s t  approxima- 

Lion, t h e  series r e s i s t a n c e  would by g ive-  b] 

or  

where i s  t h e  composi te  r e s i s t i v i t y  o f  t h e  f r o n t  side 

m q t a l l i z a t i o n ,  JC i s  i ts  e f f e c t i v e  l e n g t h  and A, is  i t s  crass 

s e c t i o n a l  area. F a r a d a y ' s  l a w  s u g g e s t s  t h a t  electrc .hemica1 

cor ros ior ,  3t t h e  anode w i l l  d e c r e a s e  t h e  cross s e c t i o n a l  a r e a  

a t  a c o n s t a n t  r a t e  (PI: 

so 

o r  

Th i s  p r e d i c t e d  con t inuous  i n c r e a s e  i n  Rs w i t h  t i m e  i s  e v i d e n t  

i n  t h e  anode d a t e  shown i n  F i g u r e  31. 
Ot5QVV)Cd 

f i i t i m e  dependence f o r  t h e  Rs d a t a  of t h e  ca thode  can a l s o  

be j u s t i f i e d  by s imple  c o n s i d e f a t i o n s .  E lec t rochemcia l  p l a t i n g  

o c c u r s  a t  t h e  ca thode .  T h e  series r e s i s t a n c e  cou ld  then  be given  

\ 1 A b) 
approximately by GC+ - 1. - f i  If i - -  1 L A  

R, R, e4 
, 4 s  and A a r e  t h e  r e s i s t i v i t y ,  e f f e c t i v e  l e 9 g t h  and where f+ f 

cross s e c t i o n a l  a r e a  of t h e  p l a t e d  f i l m .  The cross s e c t i o n a l  



a r e a  of  t h e  p l a t e d  f i l m  is  p r o p o r t i o n a l  t o  i t s  t h i c k n e s s  (Xf): 

A& - X f  
and Xf f o r  a s imple p l a t i n g  o p e r a t i o n  is d i r e c t l y  p r o p o r t i o n a l  

to t h e  t i m e :  

The series resistance f o r  t h e  cathode ce l l  from Equat ion 6 would then  

involve  a composite r e s i s t a n c e  term (Rc) .  

which is t i m e  independent and a p l a t e d  f i l m  r e s i s t a n c e  term Rf 

which is t i m e  dependent. 

iz, t h i n ,  

I n i t i a l l y  when t h e  p l a t e d  t h i c k n e s s  

R G  <R, 
and t h e  series r e s i s t a n c e  w i l l  simply be e q u a l  t o  t h e  t i m e  

independent composite r e s i s t a n c e  term 

The exper imenta l  d a t a  s u p p c r t  t h i s  conclus ion  i n  t h a t  Rs f o r  t h e  

cathode c e l l  i s  independent  of t i m e  when t i m e  i s  less than  5 

days[ FLv.3). A+ lCn, e m  \ m w m S h -  + m e  ( I ~ ~ U S  t ~ h -  X F  mt *I*, 

an6 t h e  series resistance becomes l i n e a r l y  t ix depende-it: 

R, 5 Rf = K , t  
T h i s  p r e d i c t e d  f e a t u r e  i s  a l s o  e v i d e n t  i n  t h e  exper imenta l  

of t h e  cathode ce l l  (F ig .  3 )  for t i m e  va lues  i n  excess  o f  

f i v e  da;rs. 

d a t a  



The series resistance o f  ce l l  1 2  moni tor ing  in t race l l  c o r r o s i o n  

e f f e c t s  as a f u n c t i o n  of t i m e , i s  shown i n  F igu re  4 ,  and is seen  t o  be 

much less t i m e  dependent  t h a t  w a s  e v i d e n t  i n  t h e  a n o d i c  or c a t h L i i c  

ce l l  r e s u l t s  (F ig .  3 ) .  This  comparat ive f e a t u r e  s u p p o r t s  t h e  

p rev ious  sugges t ion  t h a t  i n t e r c e l l  c o r r o s i o n  is more i n f l u e n c i a l  

than  i n t r a c e i l  c o r r o s i o n  i n  c a u s i n g  solar cell  d e g r a d a t i o n .  

The behavior  o f  t h e  s h u n t  r e s i s t a n c e  as a f u n c t i o n  of tine 

f o r  t h e  cel ls  i s  p r e s e n t e d  i n  F i g u r e s  5 and 6. The s h u n t  r e s i s t a n c e  

of t h e  c a t h o d i c  ce l l  d e c r e a s e s  c o n t i n n o u s l y  and r a p i d l y  w i t h  t i m e  

(F ig .  5 )  whi le  %h f o r  t h e  a n o d i c  ce l l  remaics t i m e  independent  u n t i l  

about  f i v e  days  have e l a p s e d ,  and t h e n  d e c r e a s e s  r a p i d l y  w i t h  t i m e  

(Fig.  5). The t i m e  dependence of Rsh f o r  ce l l  1 2 ,  is  shown i n  

F igu re  6, and is almost i d e n t i c a l  t o  t h e  f u n c t i o n a l  r e sponse  s e e n  

i n  F igu re  5 fo r  t h e  anod ic  ce l l .  T h i s  s i m i l a r i t y  s u g g e s t s  t h a t  

o n l y  t h e  i n t r a c e l l  c o r r o s i o n  e S f e c t  i s  govern ing  t h e  Rsh behav io r  

of t h e  anod ic  cell .  

Simple incercel!. p l a t i n g  c o n s i d e r a t i o n s  can be used  t o  e x p l a i n  

t h e  t i m e  dependence o f  Rsh i n  t h e  c a t h o d i c  cel l .  

dec rease  i n  Rsh w i t h  t i m e  i n  t h e  c a t h o d i c  ce l l  shown i n  F i g u r e  

5,wil l  r e s u l t  wher p l a t i n g  o c c u r s  on a c e l l  edge. T h i s  p l a t e d  

f i l m  e f f e c t i v e l y  s h o r t s  t h e  f r o n t  s i d e  m e t a l l i z a t i o n  t o  t h e  

The con t inuous  

back s i d e  metals w i t h  a f i l m  t h a t  g e t s  p r o g r e s s i v e l y  t h i c k e r  

'(less r e s i s t i v e )  w i t h  i n c r e a s i n g  t i m e  a s  sugges t ed  b y  Equat ion 8 .  

Simple i n t e r c e l i  c o r r o s i o n  c o n s i d e r a t i o n s  would s u g g e s t  t h a t  

f o r  the anod ic  ce l l  should  remain l a r g e ,  and n o t  degrade w i t h  Rsh 

t i m e .  Th i s  f e a t u r e  i s  i v i d e n t  i n  F i g u r e  5 f o r  t h e  anode fo r  



t i m e  va lues  less than f i v e  days.  Fo r  t i m e  vall iss g r e a t e r  than f i v e  

days,  intracell  co r ros ion  e f f e c t s  becomes e v i d e n t  a s  sugges ted  

p rev ious ly ,  and t h i s  e f f e c t  d e c r e a s e s  t h e  shunt  r e s i s t a n c e  by a 

nechanism t h a t  i s  n o t  clear. S e v e r a l  p o s s i b l e  mechanisms a r e  

i n t r a c e l l  p l a t i n g ,  and d e n d r i t e  formation.  

These s i m p l i f i e d  p l a t i n g  concepts  t h a t  were used to  e x p l a i n  t h e  

behavior  o f  R 

can a l s o  be used t o  show t h a t  Isc should dec rease  wi th  t i m e  i n  t h e  

c a t h o d i c  c e l l .  The t h i n  p l a t e d  f i l m  d e c r e a s s s  t h e  i n t e n s i t y  of 

a r d  Rs a s  a f u n c t i o n  o f  t i m e  i n  t h e  c a t h o d i c  cell  sh 

t h e  l i g h t  be ing  t r a n s m i t t e d  through t h e  f i l m  i n t o  t h e  solar cell  

by an amount t h a t  i s  governed by t h e  abso rp t ion  l a w  f o r  a p l a t e d  

f i  l m  of thicknes;  x: 

N 

where 

t h e  l i g h t  t r a n s m i t t e d  h t o  t h e  cell.  

ot. is t h e  a b s o r p t i o n  c o e f f i c i e n t  -7d Ps is t h e  i n t e n s i t y  of  

SInce Zsc i s  d i r e c t l y  propor- 

t i o n a l  t o  Ps 
IS'& s 

t hen  t h e  s h o r t  circcit  c u r r e n t  becomes 

exp <- s5) G 7) 
o r  from Equation 8 

1% e % p ( - R a t )  ( +J 
showing t h a t  t h e  s h o r t  c i r c u i t  c u r r e n t  dec reases  w i t h  t i m e  for 

t h e  cathode ce l l  a s  i s  e v i d e n t  i n  F igu re  2 which shows a l i n e a r  

decrease  even though Equat icn 1 8  p r e d i c t s  an exponen t i a l  dec rease .  

CONCLUSIONS 

- C e l l  deg rada t io2  by p h o t o e l e c t r o l y s i s  i s  no t  
appa ren t  i n  polymer (water  s a t u r a t e d )  encapsu la t ed  
s o l a r  cel ls .  

. I n t r a c e 1 1  co r ros ion  que t o  d i s s i m i l a r  m a t e r i a l s  i s  
no t  expec ted  t o  be a s  i r rpor tan t  a s  i n t e r c e l l  
c o r r o s i o n  due t o  po te r . t i a1  d i f f e r e n c e s  in s o l a r  
c e l l  a r r a y s .  



'Very simple p l a t i n g  and corros ion concepts  can be 
used to  p r e d i c t  t h e  t i m e  dependency for t h e  
degradation of R , Rs and Is,, for cathodic  and 
anodic solar celfs.  !%e predicted  dependencies 
w e r e  i n  reasonable accord wi th  t h e  experimental 
data.  

Future Work 

NCI f u t u r e  work.  
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